Osmophilic yeasts excrete large amounts of sugar alcohols, such as glycerol and D-arabitol, when grown aerobically on a medium which has a high sugar concentration but is low in nitrogen and phosphate ). Increasing the initial nitrogen or phosphate level of the growth medium or decreasing the aeration rate seems to depress sugar alcohol production in most cases (Spencer and Shu, 1957; Peterson, Hendershot, and Hajny, 1958; Hajny, Hendershot, and Peterson, 1960;, although it has been reported that phosphate is not always so influential (Onishi, Saito, and Koshiyama, 1961 reduction of dephosphorylated members of the pentose phosphate cycle . Recently, enzymatic evidence has been obtained that indicates this is true for D-arabitol formation (Weimberg, 1962) . Since the lack of phosphate in the growth medium stimulates sugar alcohol production with most osmophiles, it seemed worthwhile to study the phosphate metabolism of these yeasts to determine the function of this compound in sugar alcohol production and in other facets of the organisms' physiology.
Osmophilic yeasts excrete large amounts of sugar alcohols, such as glycerol and D-arabitol, when grown aerobically on a medium which has a high sugar concentration but is low in nitrogen and phosphate ). Increasing the initial nitrogen or phosphate level of the growth medium or decreasing the aeration rate seems to depress sugar alcohol production in most cases (Spencer and Shu, 1957; Peterson, Hendershot, and Hajny, 1958; Hajny, Hendershot, and Peterson, 1960; , although it has been reported that phosphate is not always so influential (Onishi, Saito, and Koshiyama, 1961) . The pattern of products produced by this group of organisms suggests that they are formed by I Presented at the Annual Meeting of the American Society for Microbiology, Cleveland, Ohio, 5 to 9 May 1963. reduction of dephosphorylated members of the pentose phosphate cycle . Recently, enzymatic evidence has been obtained that indicates this is true for D-arabitol formation (Weimberg, 1962) . Since the lack of phosphate in the growth medium stimulates sugar alcohol production with most osmophiles, it seemed worthwhile to study the phosphate metabolism of these yeasts to determine the function of this compound in sugar alcohol production and in other facets of the organisms' physiology.
MATERIALS AND METHODS
Saccharomyces mellis NRRL Y-1053 was grown aerobically at 28 C on a medium composed of 0.1% urea, 0.5% yeast extract, and 10% glucose (Peterson et al., 1958) . The glucose was sterilized separately and then aseptically added to the urea and yeast extract. The initial inorganic phosphate content of this medium was approximately 1.5 mM. In some experiments, S. mellis was grown in the described medium except that the yeast extract was treated with magnesia to remove inorganic phosphate. The method described by Umbreit, Burris, and Stauffer (1957) phosphatase. However, this observation was not investigated further.
In contrast, the alkaline pyrophosphatase in these preparations was not affected by arsenate, molybdate, borate, or phosphate (Table 3) . Mg++ was required for activity, with the enzyme being inhibited by KF and metal chelators if they were present in higher concentration than Mg++. Cysteine, glutathione, iodoacetate, and p-chloromercuribenzoate had no effect on the reaction. However, Na2S and cyanide stimulated the rate of hydrolysis. ATP and Na hexametaphosphate, which were not hydrolyzed at pH 8 (Fig. 1) , also stimulated the rate of phosphate formation from pyrophosphate. With ATP or hexametaphosphate in the reaction mixture, no more orthophosphate was formed than that corresponding to the amount in the pyrophosphate added as substrate.
The stimulation by ATP and hexametaphosphate of the alkaline pyrophosphatase can be shown to be due to the chelation of magnesium.
These compounds stimulated hydrolysis of pyrophosphate only if they were present in the reaction mixture at concentrations slightly less than that of the Mg++. If they exceeded the Mg++ concentration, they inhibited the reaction (Table  3) . These results indicate that only a small amount of the cation is needed for maximal stimulation of the enzyme.
An attempt was made to determine the smallest amount of magnesium required for maximal activity of the pyrophosphatase. This level could not be accurately measured, since pyrophosphate, itself, began to inhibit the reaction if it exceeded the magnesium ion concentration too greatly (Fig. 3) . From initial rates of the hydrolysis, the optimal ratio of pyrophosphate to magnesium for maximal activity was approximately 5:1. Higher concentrations of magnesium, in relation to pyrophosphate, tended to be inhibitory, particularly in the later phases of the reaction.
Heat stability. Both the nonspecific phosphomonoesterase and the alkaline pyrophosphatase were inactivated at relatively low temperatures (Table 4) . While the enzymes were stable for several hours at 30 C, 50% of both enzymatic activities was destroyed when the enzymes were kept at a temperature between 40 and 45 C for 5 min. The enzymes were completely inactivated within 5 min at 50 C.
Stability of pH. The pH stability of the acid phosphatase correlates quite well with the growth patterns of the intact yeast. The enzyme was not inactivated when the pH of the crude extract was adjusted to pH values ranging from 3 to 7.0 (Table 5) . Total inactivation occurred within minutes if the pH was dropped to 2.5 or raised to 9.0. The alkaline phosphatase could not withstand acid conditions as shown by its partial inactivation even at pH 5. In the alkaline region, it was stable until the pH rose to 9.0. Effect of phosphate on enzyme synthesis. In the experiments described, the crude enzyme extract was obtained from cells of S. mellis harvested from a medium exhausted of utilizable phosphorus. It was reported that phosphate represses the formation of phosphatase in Escherichia coli (Torriani, 1960; Horiuchi, Horiuchi, and Mizuno, 1959 ) and baker's yeast (Heredia, Yen, and Sols, 1963; Schmidt et al., 1963) . To determine whether this applies to S. mellis also, the organism was grown in a medium prepared with yeast extract treated with magnesia to remove inorganic phos- On the other hand, the level of pyrophosphatase in the extracts was completely independent of phosphate concentration in the growth medium. Under all conditions, the amount of activity present was constant. The alkaline pyrophosphatase in cells lacking acid phosphomonoesterase had a pH optimum at 7.5 (Fig. 2) and required Mg. Consequently, the pyrophosphatase is a constitutive enzyme, whereas the nonspecific acid phosphomonoesterase is a repressible enzyme under the control of the external orthophosphate concentration. 0 0 * The 2.0 ml of crude extract were adjusted with either 1.0 M acetic acid for pH 4 to 6 or 0.1 M HCl for pH 2 and 3. For pH 8.2, 1.0 M tris was used for pH adjustment, and, for pH 9, 10, and 11, 0.05 M NaOH was added to the enzyme. The extract was allowed to stand for 30 min at 5 C at the indicated pH. The solutions were then carefully readjusted to pH 6.0 and diluted accurately to 5.0 ml. For assay of phosphomonoesterase activity, 0.25 ml of the treated enzyme was mixed with 0.2 ml of 1.0 M acetate (pH 5.5), 0.05 ml of 0.1 M tetrasodium pyrophosphate, and 0.1 ml of water. To determine pyrophosphatase activity, 0.15 ml of the treated enzyme was mixed with 0.2 ml of 1.0 M tris (pH 8), 0.05 ml of 0.1 m tetrasodium pyrophosphate, 0.1 ml of 0.05 M MgSO4, and 0.1 ml of water.
t Expressed as pmoles of phosphate per 5 min. * Media containing the indicated amounts of inorganic phosphate were inoculated with a 0.02 volume of a culture of S. mellis, grown on a medium containing excess phosphate. After 36 hr of aerobic incubation at 28 C, the cells were harvested, and cell-free extracts were prepared and assayed.
DISCUSSION
The evidence presented here indicates that, like the alkaline phosphatase of E. coli (Horiuchi et al., 1959; Torriani, 1960) and the phosphatases of other yeasts (Rautanen and Karkkainen, 1951; Rautanen and Kyla-Siurola, 1954; Heredia et al., 1963; Schmidt et al., 1963) , the formation of the acid phosphatase of S. mellis is repressed by the presence of inorganic phosphate in the external medium. Removal and exhaustion of this ion result in rapid synthesis of the enzyme. Therefore, control of phosphatase formation in this manner could be a fairly general phenomenon among microorganisms, but the kind of enzyme produced is in keeping with the physiological patterns of the particular cell. For example, the phosphatase of E. coli has an alkaline pH optimum, since the organism has a growth-rate optimum in the same range. Baker's yeast, Torulopsis utilis, and S. mellis each produce an acid phosphatase, since these organisms prefer acid conditions for growth. Actually, if these enzymes occupy a position on the cell surface and act on "extracellular" substrates (Rothstein and Meier, 1948; Suomalainen, Linko, and Oura, 1960; Malamy and Horecker, 1961; McLellan and Lampen, 1963) , it would be absolutely essential for each enzyme to have a pH optimum corresponding to the growth patterns of the cell producing it. Since the phosphomonoesterase of S. mellis is inhibited and its synthesis is repressed by phosphate, the function of this enzyme undoubtedly is to provide a supply of phosphate to the cell from external sources when no inorganic phosphate is available.
All experiments reported were done with crude cell-free extracts. Although definitive proof must wait until the acid phosphatase has been purified, the evidence available so far indicates that only one phosphomonoesterase is produced by S. mellis in response to phosphate starvation. Its broad range of specificity is quite similar to the range of substrates hydrolyzed by the repressible phosphatase of E. coli (Heppel, Harkness, and Hilmoe, 1962) and also by an acid phosphatase found in dwarf-bean seedlings (Roussos, 1962) . Because all substrates are hydrolyzed at quite similar rates, the phosphoryl-donor moiety of the molecule probably has little or no influence on the enzyme. The enzyme can catalyze the hydrolysis of phosphate esters, as well as phosphate anhydrides, as long as the phosphate group is only monosubstituted. Diesters are not attacked by the extract. Cleavage of monothiophosphate to form orthophosphate is good evidence that this enzyme, as with other phosphomonoesterases (Schmidt and Laskowski, 1961) , acts by breaking a phosphorus-oxygen bond (or a phosphorus-sulfur bond in monothiophosphate).
While S. mellis grown in the presence of phosphate does possess some acid phosphomonoesterase activity, it is very small compared with that from cells starved for phosphate. An qglycerol phosphatase could be detected in extracts of cells grown in ample quantities of phosphate. However, since the rate of hydrolysis of as-glycerol phosphate by this enzyme was only 2% of that of the nonspecific repressible phosphomonoesterase, and since the pH optima for these two, enzymes were very similar, it could not be ascertained whether or not the a-glycerol phosphatase was present also in extracts from cells starved for phosphate. No other phosphomonoesterases could be detected in cells grown under these two conditions, except for a specific pyrophosphatase active under alkaline conditions. The properties of the pyrophosphatase are so distinctly different from those of the acid phosphatase that there is no doubt that it is a different enzyme. Furthermore, the constitutive nature of the pyrophos-
